The most intensively studied rotavirus strains initially attach to cells when the "heads" of their protruding spikes bind cell surface sialic acid. Rotavirus strains that cause disease in humans do not bind this ligand. The structure of the sialic acid binding head (the VP8* core) from the simian rotavirus strain RRV has been reported, and neutralization epitopes have been mapped onto its surface. We report here a 1.6-Å resolution crystal structure of the equivalent domain from the sialic acid-independent rotavirus strain DS-1, which causes gastroenteritis in humans. Although the RRV and DS-1 VP8* cores differ functionally, they share the same galectin-like fold. Differences between the RRV and DS-1 VP8* cores in the region that corresponds to the RRV sialic acid binding site make it unlikely that DS-1 VP8* binds an alternative carbohydrate ligand in this location. In the crystals, a surface cleft on each DS-1 VP8* core binds N-terminal residues from a neighboring molecule. This cleft may function as a ligand binding site during rotavirus replication. We also report an escape mutant analysis, which allows the mapping of heterotypic neutralizing epitopes recognized by human monoclonal antibodies onto the surface of the VP8* core. The distribution of escape mutations on the DS-1 VP8* core indicates that neutralizing antibodies that recognize VP8* of human rotavirus strains may bind a conformation of the spike that differs from those observed to date.
Rotavirus is the most important cause of severely dehydrating childhood gastroenteritis worldwide (37) . To prime the nonenveloped virion for host membrane penetration, intestinal trypsin cleaves the rotavirus spike protein, VP4, into two fragments, VP8* and VP5* (15) . In some strains, VP8* mediates initial attachment to target cells by binding cell surface sialic acid (SA) (6, 16) . In electron cryomicroscopy image reconstructions of trypsin-primed, SA-dependent virions, the protruding part of the spikes has approximate twofold symmetry (Fig. 1 ). It is tipped by paired heads, separated by a small gap (41, 44) . The heads are formed by a globular domain of VP8* (14) . We refer to this globular domain as the "VP8* core," because it remains intact following limit protease digestion of recombinant VP4 (12) . VP5* forms more virion-proximal parts of the spikes ( Fig. 1 ) and has a hydrophobic apex (13) , which has been implicated as a potential membrane penetration region (32) . VP8* masks the hydrophobic apex of VP5* on primed spikes (13) . During cell entry, VP8* probably separates from VP5*, exposing the hydrophobic apex and allowing a fold-back rearrangement of VP5*. Some antibodies that bind VP8* appear to neutralize virus by triggering uncoating-the shedding of VP4 or its fragments and the coat protein VP7 (45) . This mechanism of neutralization suggests that conformational changes involving VP8* could trigger subsequent entry events, such as VP5* rearrangement and outer-layer disassembly. VP8* may also function intracellularly, binding intracellular tumor necrosis factor receptor-associated factors to activate cellular signaling pathways (28) .
Although SA was the first rotavirus receptor identified (2), most rotavirus strains do not, in fact, bind this receptor during entry (6) . None of the strains that are known to be virulent in humans bind SA (6) . Differences between SAdependent and SA-independent strains extend beyond the ability or inability of their spike proteins to bind SA: SAindependent strains are generally more fastidious in cell culture than SA-dependent strains (40, 42) , and although SA-independent strains infect polarized epithelial cells from either the apical or basolateral membrane, SA-dependent strains enter only at the apical surface (4) .
The VP8* core is an important target of neutralizing antibodies against rotavirus (reviewed in reference 14) . Some neutralizing monoclonal antibodies (MAbs) that recognize this domain on SA-dependent strains protect mouse pups from rotavirus diarrhea when present in the gut lumen (33) . The VP8* core is the major determinant of P serotype (which correlates reasonably well with P genotype) for both SA-dependent and SA-independent strains (22) . Therefore, this domain contains key neutralization determinants for both functional variants. While most VP4-specific MAbs that neutralize SA-dependent rotavirus virions map to the VP8* fragment, most VP4-specific MAbs that neutralize SA-independent virions map to the VP5* fragment (reviewed in reference 25). It is not known whether this difference reflects biological differences between SA-dependent and SA-independent strains or the use of different strategies to screen hybridomas.
Although understanding the structure and function of SA-independent strains is particularly important for understanding and preventing rotavirus gastroenteritis in humans, SA-independent strains are less studied than SA-dependent strains. X-ray crystal and nuclear magnetic resonance (NMR) solution structures of the VP8* core of an SA-dependent simian rotavirus strain (RRV) have been obtained (14) , but neither electron cryomicroscopybased image reconstructions nor high-resolution structures are available for any SA-independent strain. Therefore, the structural basis for the differences in VP8* function is not known. Here, we present the X-ray crystal structure of the VP8* core from rotavirus strain DS-1, an SA-independent P genotype 4 strain that causes gastroenteritis in humans. We also report neutralization escape mutations of VP8* selected by two human monoclonal antibodies derived from cDNA of B lymphocytes from naturally infected humans. Mapping neutralization escape mutations onto the DS-1 VP8* core structure suggests that VP8*-specific antibodies that neutralize SA-dependent and SA-independent rotavirus strains recognize different conformations of the spike protein.
MATERIALS AND METHODS
Subcloning of the DS-1 and KU VP8* cores. Genes encoding the VP8* cores of rotavirus strains DS-1 and KU were subcloned from recombinant baculoviruses that contain the full-length DS-1 and KU VP4 coding sequences (18) .
Primers to amplify the KU VP8* coding sequence were designed based on a previously banked KU VP4 sequence (GenBank accession code M21014). The sequence of the DS-1 VP8* core was determined from DNA amplified by PCR from the recombinant baculovirus using primers complementary to sequences in the BlueBac2 vector on either side of the VP4 coding sequence. The sequences encoding KU and DS-1 VP4 residues 60 to 223 (the VP8* cores) were isolated as PCR products with XhoI and NotI ends and with a potential trypsin cleavage site just N terminal to residue 60. Each fragment was subcloned into the multiple cloning site of a pGex 4T-1 vector (Amersham Biosciences) that had been digested with SalI and NotI.
Expression and purification of recombinant VP8* cores. The RRV, DS-1, and KU VP8* cores were expressed in Escherichia coli strain BL21 and purified as described previously (14) . Overnight cultures were diluted 1:100 in LB containing 0.1 mg/ml ampicillin and incubated at 37°C. When the cultures reached an A 600 of about 0.6, the temperature was reduced to 25°C. After 30 to 60 min of incubation at 25°C, isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to 1 mM. The cultures were then incubated for an additional 4 h at 25°C before being harvested. Pelleted bacteria were lysed by sonication. The lysates were clarified by centrifugation in a Ti45 rotor (Beckman) at 40,000 rpm for 2 h at 4°C. The clarified lysates were passed over a glutathione-Sepharose column (Amersham Biosciences), and the VP8* cores were cleaved from the bound glutathione S-transferase (GST) tags by incubation on the column with 5 g/ml tosylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin (Worthington Biochemical) in TNC (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM CaCl 2 ) for 2 h at room temperature. The trypsin was removed from the released VP8* by passage over a benzamidine-Sepharose column (Amersham Biosciences), and any residual tryptic activity was eliminated by the addition of 1 mM phenylmethylsulfonyl fluoride and 2.5 mM benzamidine. The VP8* cores were further purified by size exclusion chromatography on a Superdex 200 column (Amersham Biosciences) in TNE (20 mM Tris, pH 8.0, 100 mM NaCl, 1 mM EDTA) at 4°C using a fast-protein liquid chromatography system (Amersham Biosciences).
Crystallization. The DS-1 VP8* core crystallized in space group P1 with the following unit cell parameters: a ϭ 42.42 Å, b ϭ 84.12 Å, c ϭ 90.77 Å, ␣ ϭ 90.03°, ␤ ϭ 90.02°, and ␥ ϭ 75.54°. The crystals have a solvent content of 38.5%, and each asymmetric unit contains eight VP8* cores. Crystals formed within 1 week at 20°C in hanging drops, with a sample solution containing 5 to 10 mg/ml protein in TNE-0.02% sodium azide-0.1 mM benzamidine, mixed 1:1 with a well solution containing 20% polyethylene glycol 4000, 500 mM sodium chloride, 100 mM sodium citrate, pH 5.6, and 3% ethanol or ethylene glycol. Harvested crystals were soaked in a cryoprotectant solution containing 22% polyethylene glycol 4000, 550 mM sodium chloride, 100 mM sodium citrate, pH 5.6, 3% ethanol or ethylene glycol, 15% glycerol and then frozen by rapid immersion in liquid nitrogen.
X-ray diffraction data collection and processing. X-ray diffraction data were collected at 100 K and a wavelength of 0.916 Å using beam line F1 at the Cornell High Energy Synchrotron Source. Diffracted X rays were detected by an ADSC Quantum 4 charge-coupled device. Diffraction data were indexed, integrated, and scaled using HKL2000 (HKL Research, Inc.). (For scaling statistics, see Table 2 .)
Structure determination and refinement. The DS-1 VP8* core structure was determined by molecular replacement, using an initial phasing model based on the previously determined structure of the SA-bound RRV VP8* core (14) . Rotation and translation solutions were determined using CNS (3). The structure was refined by multiple cycles of simulated annealing, energy minimization, and individual B-factor refinement using CNS (3). The model was rebuilt in O (24) using simulated annealing omit maps calculated in CNS (3) to eliminate phasing bias from the molecular replacement model. The geometry of the structures was analyzed using PROCHECK (29) . (For refinement statistics, see Table 2 .) NMR spectroscopy. Purified protein for NMR was prepared as described above, except that size exclusion chromatography was carried out in 20 mM sodium phosphate, pH 7.0-100 mM NaCl, and the resulting protein sample was dialyzed into 20 mM sodium phosphate, pH 7.0-10 mM NaCl. The assayed peptide was 15 N labeled on valine and had the sequence TVEPVS, corresponding to DS-1 VP4 residues 60 to 64 plus a C-terminal serine. To avoid competition between the peptide and residues of the authentic N-terminal leader of the unlabeled DS-1 VP8* core, residues 60 to 64 of the core were mutated to SGSGG using PCR. Samples were made 10% in D 2 O for field locking. Spectra were obtained at 25°C using a 500-MHz Bruker spectrometer equipped with a cryoprobe. Two-dimensional 15 N-1 H heteronuclear single quantum coherence spectra showed no change in the chemical shifts of the 15 N valines of the peptide when 0.29 mM DS-1 VP8* core was mixed with 0.1 mM peptide. NMR data were processed using PROSA (20) , and spectra were analyzed using XEASY (1).
FIG. 1.
The rotavirus VP4 spike. The C␣ traces of the VP8* core (white) and a globular domain of VP5* (yellow) from RRV are fitted to the molecular envelope of the VP4 spike in an approximately 12-Å-resolution electron cryomicroscopy image reconstruction of a primed SA11-4F rotavirus virion. The arrow indicates the perspective of the depictions in Fig. 3 and 4B.
Structural analysis and figure production. Structure alignments were calculated using LSQKAB in CCP4 (7) . Amino acid variability was calculated by AMAS (30) . To determine the accessibility of VP8* core surfaces for antibody binding on trypsin-primed virions, the DS-1 VP8* core structure was aligned with an RRV VP8* core structure that had been fitted to an approximately 12-Å electron cryomicroscopy-based envelope of trypsin-primed SA11-4F rotavirus particles, contoured at 0.5 , as previously described (13) . The envelope and fitted crystal structure were probed with the crystal structure of an Fab of a human immunoglobulin G1() in complex with Lewis Y nonoate methyl ester (Protein Data Bank accession code 1CLY) using O (23, 24) . Residues that could be brought into contact with any portion of the antigen-combining site were scored as accessible. The figures were made using GRASP (34), MOLSCRIPT (27) , Illustrator (Adobe Systems, Inc.), and Photoshop (Adobe Systems, Inc.).
Selection of neutralization escape mutants. Rotavirus strain KU (30 l; 3.6 ϫ 10 5 PFU) was pretreated with trypsin (10 g/ml) and mixed with 70 l of purified 1-2H (200 g/ml) or 2-3E (50 g/ml) Fab in Eagle's minimum essential medium (MEM). After 1 h of incubation at 37°C, the virus-antibody mixtures were inoculated onto MA104 cell monolayers in 1 ml of Eagle's MEM in roller tubes (15 mm by 15 cm). After adsorption for 1 h, the monolayers were washed with phosphate-buffered saline and then incubated in a rotator (RT-550; Taitec Inc.) with 1 ml of Eagle's MEM containing purified 1-2H (100 g/ml) or 2-3E (25 g/ml) antibody and trypsin (5 g/ml). Cultures were harvested 7 days after infection. After three rounds of propagation in the presence of neutralizing antibody, the selected viruses were plaque purified on CV-1 cells.
Sequencing of rotavirus variants. Full-length cDNA encoding VP4 and VP7 was prepared by reverse transcription-PCR. Nucleotide sequences were determined directly from the PCR products using ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kits (PE Biosystems) with an automated sequencer, the ABI Prism 310 Genetic Analyzer (PE Applied Biosystems). The VP4-encoding genes of the two selected viruses each differed from the parental gene by a single nucleotide substitution. The VP7-encoding genes contained no mutations.
Protein structure and nucleotide sequence accession numbers. The atomic coordinates and structure factor amplitudes for the DS-1 VP8* core have been deposited in the Protein Data Bank under accession code 2AEN. Nucleotide sequences have been deposited in GenBank with the following accession codes: DS-1 VP8* core, DQ141310; KU VP4 clone 1, AB222784; M-KU-1-2H, AB222785; M-KU-2-3E, AB222786.
RESULTS AND DISCUSSION
Expression, purification, and stability of rotavirus VP8* cores. The VP8* core is a compact domain that presents conformational neutralizing epitopes. Our previously reported data demonstrate that the RRV VP8* core (P genotype 3) can be expressed in E. coli as a soluble GST fusion protein (14) . After glutathione affinity chromatography, the domain can be separated from its GST tag by trypsin cleavage and purified by size exclusion chromatography with high yield as a homogeneous, protease-resistant, and very soluble protein (14) .
We tested whether the VP8* core of an SA-independent strain that causes gastroenteritis in humans has similarly favorable characteristics. When expressed and purified using the protocol developed for the RRV VP8* core, the DS-1 VP8* core (P genotype 4) was obtained in good yield as a homogeneous, protease-resistant, soluble, pure protein ( Fig. 2A and Table 1 ). As assayed by size exclusion chromatography, sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), matrix-assisted laser desorption ionization mass spectrometry, and N-terminal sequencing, the RRV and DS-1 VP8* cores remain intact, homogeneous, and soluble after storage at 4°C for approximately 2 years ( Fig. 2A , Table 1 , and data not shown).
This purification procedure is also effective at producing a homogeneous VP8* core from a P genotype 8, SA-independent rotavirus strain, KU ( Fig. 2B and Table 1 ). Together, P genotypes 4 and 8 cause more than 90% of human cases of rotavirus gastroenteritis in temperate climates (11) . Although the KU VP8* core is also very soluble, it is produced in relatively low yield and undergoes substantially more degradation and aggregation with storage than do the RRV and DS-1 VP8* FIG. 2. Size exclusion chromatography and SDS-PAGE of purified VP8* cores. (A) Chromatograms of RRV (red) and DS-1 (blue) VP8* cores, which were separated on a Superdex 200 10/30 column at 4°C in TNE after storage for 2 years at 4°C in TNE with 0.02% sodium azide and 0.1 mM benzamidine. The inset image of a Coomassie bluestained SDS-PAGE gel shows stored samples prior to chromatography. (B) Chromatogram of a freshly prepared sample of the KU VP8* core, which was separated on a Hi-Load Superdex 200 16/60 column at 4°C in TNE. The inset image of a Coomassie-blue stained SDS-PAGE gel shows protein from the pooled peak fractions. Apparent molecular masses that correspond to peak elution volumes are listed in Table 1. VOL. 80, 2006 ROTAVIRUS VP8* CORES 1515 cores (Fig. 2B , Table 1 , and data not shown). Thus, the biochemical characteristics of the RRV and DS-1 VP8* cores make them promising potential immunogens for use in recombinant rotavirus vaccines. The less favorable characteristics of the KU VP8* core indicate that developing an antigenic cocktail of VP8* cores to completely cover the P types causing human disease will require screening of additional strains and possibly protein engineering. Structural comparison of the DS-1 and RRV VP8* cores. Using the X-ray crystal structure of the RRV VP8* core as an initial phasing model for molecular replacement, we determined the X-ray crystal structure of the DS-1 VP8* core at 1.6-Å resolution (see Materials and Methods) ( Table 2 ). The DS-1 VP8* core, like the RRV VP8* core, resembles the galectins, a family of animal lectins, in its fold. It is built around a central ␤-sandwich, with a ␤-hairpin (strands E and F) packed against a six-stranded ␤-sheet and a C-terminal ␣-helix packed against a five-stranded ␤-sheet (Fig. 3A) . Each asymmetric unit contains eight molecules of the DS-1 VP8* core. There are no major conformational differences between the eight molecules, which can be superimposed on each other with an average root mean square deviation (RMSD) between C␣ atoms of 0.26 Å (not shown).
Although the DS-1 and RRV VP8* cores have only 45% amino acid identity (for residues 65 to 224 of RRV and 65 to 223 of DS-1), they can be superimposed on each other with an RMSD of 1.04 Å for 159 equivalent C␣ atoms (Fig. 3B) . The broad surface that is formed by the EF ␤-hairpin, strands H and G of the six-stranded ␤-sheet, and strands J and K of the five-stranded ␤-sheet is furrowed by two clefts (Fig. 3A to D) . Both clefts are wider in the DS-1 VP8* core than in the RRV VP8* core (Fig. 3B) . In the DS-1 VP8* core, the architecture of the cleft corresponding to the RRV SA binding site, which lies between the five-stranded and six-stranded ␤-sheets, is extensively reworked (Fig. 3C to F) . In the RRV VP8* core, the R101 side chain amide makes key contacts with SA. It projects from strand D to the floor of the binding site to form a positively charged surface patch and makes bidentate hydrogen bonds to the glycerol group of the bound carbohydrate ( Fig. 3D and F) . In the DS-1 VP8* core, phenylalanine replaces arginine at this site and has a very different structural role. F101 of DS-1 makes no contribution to the molecular surface (Fig. 3C) ; instead, its aromatic ring forms part of a hydrophobic core in the interface between the ␤-sheets (Fig.  3E ). In the RRV VP8* core, the aromatic rings of Y155 and Y188 project out into solvent to form walls on either side of the SA binding pocket (Fig. 3D and F) . In the DS-1 VP8* core, replacement of these residues by R154 and S187 removes these walls. In fact, the R154 side chain replaces the floor of the SA binding pocket with a low ridge, as it stretches across the gap between the six-and five-stranded ␤-sheets ( Fig. 3C and E) . Although the structural data do not exclude the possibility that an alternative carbohydrate ligand binds in place of SA in a Determined by matrix-assisted laser desorption ionization mass spectrometry. b Based on elution volume by gel filtration chromatography (Fig. 2) . c This anomalously low apparent molecular mass probably results from affinity of the KU VP8* core for the chromatography medium. d Yield refers to the final purified VP8* core. c R factor ϭ (⌺ԽԽF obs Խ Ϫ ԽF calc ԽԽ)/⌺ԽF obs Խ, where the summations is over the working set of reflections. For the free R factor, the summation is over the test set of reflections (5% of the total reflections).
FIG. 3. Comparison of DS-1 and RRV VP8* cores. (A)
Ribbon diagram of the DS-1 VP8* core. Labeling of secondary-structure elements is as previously described for the RRV VP8* core (14) , except that strand ␤H, which splits into strands ␤H and ␤HЈ in RRV, is continuous in DS-1. The EF ␤-hairpin is red, the six-stranded ␤-sheet is green, and the five-stranded ␤-sheet is blue. (B) Superimposed C␣ traces of the DS-1 VP8* core (blue) and the RRV VP8* core (red). Residue Q135 of RRV, which lacks a structural equivalent in DS-1, is indicated. The blue and red arrows indicate the widths of surface clefts, measured in Å between C␣ atoms of the labeled residues, for the DS-1 and RRV VP8* cores, respectively. In panels E and F, residues on strand ␤K are depicted with backbone and side chain atoms; only C␣ and side chain atoms of other residues are shown. The perspective of all the panels is indicated by the arrow in Fig. 1 .
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ROTAVIRUS VP8* CORESDS-1, the surface of the DS-1 VP8* core that corresponds to the RRV SA binding site is not an obvious binding pocket. DS-1 VP8* binds a polypeptide chain in a second surface cleft. Does the DS-1 VP8* core structure suggest an alternative ligand to SA? The packing of the EF ␤-hairpin against the six-stranded ␤-sheet creates a cleft, which is adjacent to the cleft between the ␤-sheets that forms the SA binding pocket in RRV (Fig. 3A, C, and D) . In the DS-1 VP8* core crystal, this cleft is occupied by the five N-terminal residues (residues 60 to 64) of an adjacent molecule, so that each DS-1 VP8* core "bites its neighbor's tail," linking the cores into chains (Fig.  4A) . The bound N-terminal residues are not part of the tightly folded structure of the core, but instead form an extended N-terminal "leader." The equivalent residues are disordered in the RRV VP8* core crystal and solution structures (14) . In the DS-1 VP8* core crystal, this leader is held in alignment by five backbone amide-to-carbonyl hydrogen bonds that form between residues 60, 62, and 64 of the leader and residues 131, 129, and 127 of strand F in the ␤-hairpin, thus making a new intermolecular three-stranded ␤-sheet with strands E and F (Fig. 4B) . Leader binding is also stabilized by insertion of the aliphatic V61 side chain into a pocket lined by hydrophobic residues at the base of the cleft (Fig. 5B) .
We used NMR spectroscopy to assay the binding in solution of a peptide based on the DS-1 VP8* core leader sequence to this potential peptide binding cleft (see Materials and Methods). The free peptide did not bind in the cleft with measurable affinity (data not shown). Close inspection of the DS-1 VP8* core crystal structure indicates that the bound leader does not fit the cleft optimally: the cleft continues beyond the N terminus of the bound leader (Fig. 3C) , the hydrophobic pocket that holds the V61 side chain could accommodate a bulkier moiety (not shown), the P63 side chain prevents formation of potential hydrogen bonds between the leader and residues in strand H and the GH loop (Fig. 4B) , and the leader is forced out of the cleft C terminal to P63 by steric hindrance from the tightly folded region of its own VP8* core (Fig. 4A) .
The peptide binding cleft of the DS-1 core is one of the only exposed VP8* core surfaces that is conserved among SA-independent strains (Fig. 5B) , suggesting a conserved function. A similar, but narrower, cleft is also present on the surface of the RRV VP8* core (Fig. 3D) . Similar residues line this cleft in SA-dependent and SA-independent strains (see Table S1 in the supplemental material). Fitting to electron cryomicroscopy image reconstructions of virions from SA-dependent strains shows that this cleft is exposed at the tips of the VP4 spikes in a position favoring interaction with host cell proteins (Fig. 5B  and D) . As described previously, the VP8* ␤-hairpin appears to be an elaboration of a much shorter loop in the galectins, and it blocks the galectin carbohydrate binding site (14) . The DS-1 VP8* core crystal structure suggests that this elaboration of the ␤-hairpin may also have created a new ligand binding site at the tip of the primed VP4 spike.
Structural polymorphism. Many rotavirus strains, such as DS-1, have a deletion in the FG loop (Table 3 ) so that they lack a residue that is structurally equivalent to RRV residue Q135 (Fig. 3B) . The FG loop links the EF ␤-hairpin to the sixstranded ␤-sheet (Fig. 3A) . Near the deletion, the potential peptide binding cleft between the EF ␤-hairpin and the sixstranded ␤-sheet is wider in the DS-1 VP8* core than in the RRV VP8* core (Fig. 3B) , possibly because the shorter loop does not permit as close an approximation of the proximal portion of the ␤-hairpin to the six-stranded ␤-sheet.
Most human rotavirus strains have this deletion in the FG loop ( Table 3 ). The infrequently isolated human rotavirus strains without the deletion have P types (such as 5A [3] , 3 [9] , 4 [10] , and 11 [14] ), that also include animal rotavirus strains. These strains may have been introduced into human populations relatively recently. The deletion is consistently associated with SA independence (as verified by the presence of a hydrophobic residue at position 101), but it is not required for SA independence ( Table 3 ). The phylogeny of rotavirus VP4 (6) does not clearly demonstrate whether this common structural feature is an adaptation to replication and spread in humans or simply a consequence of common ancestry: the clustering of VP4 molecules with the deletion in a single clade (containing P genotypes 4, 6, 8, and 19) is not absolute, and some bovine strains (in the outlying P [11] group) also have the deletion. Potential ligand binding in the cleft between the ␤-hairpin and the six-stranded ␤-sheet suggests that the structural polymorphism may reflect differences in ligand specificity.
Escape mutations selected by human neutralizing MAbs against rotavirus. Three human neutralizing MAbs against rotavirus have been derived from a phage display library of B-lymphocyte cDNA from naturally infected humans (21) . The phage antibodies were selected for binding to rotavirus strain KU virions, tested for neutralization of strain KU, and converted to immunoglobulin G1 MAbs through recombinant DNA manipulation. One of the MAbs, 2-11G, binds VP7. The other two bind VP4 and neutralize heterotypically (i.e., neutralize more than one P type): 1-2H neutralizes P [4] and P [8] ; 2-3E neutralizes P [6] and P [8] . Neutralization surfaces of the RRV and DS-1 VP8* cores. Panels A to C show three views of a surface representation of the DS-1 VP8* core, colored by conservation among a set of VP8* sequences that contains one representative from each of 14 SA-independent P genotypes ( Table  3) . Blue is conserved; red is variable. Residue numbers mark neutralization escape mutations selected in SA-independent human rotavirus strains. Dashed outlines mark the previously described (14) 
SA11-4f
Simian (5, 6, 10, 31) .
d Although UK entry is not SA dependent, it binds glycosphingolipids with a specificity dependent upon the SA moiety in the oligosaccharide chain (10) . e Sequences from reference 17. f Weak inhibition by neuraminidase digestion of MA104 cells (6) . g Cell-type-specific neuraminidase sensitivity (31) . h Strain included in the SA-dependent and SA-independent sets used to calculate variability for Table S1 in the supplemental material and Fig. 5A to C.
We have mapped the residues recognized by 1-2H and 2-3E in strain KU, using neutralization escape mutant analysis (Table 4) . MAb 1-2H selects a unique G-to-D mutation at VP4 residue 170 (virus strain m-KU-1-2H), and MAb 2-3E selects a unique E-to-K mutation at VP4 residue 203 (virus strain m-KU-2-3E). Both mutations are in the VP8* fragment of VP4. Three other VP8*-specific antibodies that neutralize human strains of rotavirus have been described (26, 35, 36) . Two of these MAbs, HS11 and RV5:2, neutralize homotypically, but the other MAb, HS6, neutralizes P [6] and some P [8] viruses (Table 4) . Thus, three of five neutralizing monoclonal antibodies that recognize VP8* of human rotavirus strains are heterotypic in their neutralization specificities. A more limited degree of heterotypic neutralization has been observed among the 20 mapped MAbs that bind VP8* and neutralize animal rotavirus strains (see Table S2 in the supplemental material). Heterotypic neutralization by monoclonal antibodies derived from naturally infected humans may reflect selection for heterotypic antibodies by repeated rotavirus infection. This result correlates well with the increasingly broad serum neutralizing response against rotavirus elicited by reinfection with rotaviruses of the same or different rotavirus serotypes (19, 43) .
Although VP5* is more conserved among strains than is VP8*, the presence of heterotypic neutralization epitopes on VP8* of human strains suggests that immunization with recombinant VP8* of human strains could induce a heterotypic neutralizing antibody response. Such a response has been demonstrated against VP8* from an animal rotavirus strain, as primary immunization of laboratory animals with recombinant VP8* of the simian strain RRV does produce heterotypically neutralizing antibodies (16) .
Mapping of neutralization escape mutations on the DS-1 VP8* core structure. As previously described, the 20 neutralization escape mutations mapped to VP8* of SA-dependent animal rotavirus strains cluster in four epitopes (14) . The five neutralization escape mutations now mapped to VP8* of SAindependent human rotavirus strains do not cluster in these epitopes or in any easily identifiable new epitopes (Fig. 5A to C, labeled residues). Only the mutation at residue 148 of human strain RV-5 lies within one of the previously described epitopes (designated 8-1). Because the DS-1 and RRV VP8* cores have a common fold, gross structural differences do not explain the distinct distributions of escape mutations.
When the RRV VP8* core crystal structure is fitted to the spike envelope of a 12-Å-resolution electron cryomicroscopy image reconstruction of trypsin-primed, SA-dependent rotavirus particles, all of the escape mutations on VP8* of SAdependent strains are accessible for antibody binding, forming "caps" at the tips of the spikes' heads (Fig. 5D) . Although the DS-1 VP8* core fits the same molecular envelope, the escape mutations of SA-independent human strains are not in the most accessible locations, and three (at residues 72, 203, and 217) ring the base of the head (Fig. 5E and F) . In fact, the escape mutation at residue 72 contributes to the point of attachment of head to body and to the surface of the gap between the paired heads, where it is not accessible for antibody binding (Fig. 5C, E, and F) . The escape mutation at residue 203 also contributes to the surface of the gap between head and body and is on the boundary between accessible and inaccessible surfaces.
Thus, the distribution of escape mutations suggests that the state of the VP4 spike recognized by some VP8*-specific antibodies that neutralize SA-independent human rotavirus strains differs from the state recognized by VP8*-specific antibodies that neutralize SA-dependent animal rotavirus strains. Alternatively, the selected residues could mediate escape from neutralization by indirect steric effects, rather than by direct disruption of an epitope. No electron cryomicroscopy image reconstructions of SA-independent rotavirus virions are currently available to test the hypothesis that the conformations of trypsin-primed spikes on SA-independent and SA-dependent strains expose different molecular surfaces of the VP8* core for potential antibody binding.
VP4 spikes have multiple conformations during rotavirus entry. Prior to trypsin priming, the spikes are flexible and therefore not visible in averaged icosahedral image reconstructions (9) . Trypsin priming rigidifies pairs of VP4 molecules to produce spikes. Threefold symmetry of the portion of VP4 buried under the VP7 shell (44), the trimeric appearance of altered VP4 spikes on virions that have been treated with alkali (39) , and the stable trimer formed by a rearranged VP5* fragment (13) suggest that each VP4 cluster on the virion surface may contain three molecules, one of which remains flexible after trypsin priming. In addition, electron cryomicroscopy image reconstructions demonstrate subtle conformational differences in spike morphology among SA-dependent rotavirus strains (38) . The 22-to 23-Å resolution limit of these reconstructions does not permit a precise determination of the boundaries of the accessible surfaces on the variants. Thus, either strain differences in spike morphology or the multiple conformational states of VP4 could explain the distribution of neutralization escape mutations on VP8* of human rotavirus strains. In summary, although the VP8* cores of an SA-dependent strain (RRV) and of an SA-independent strain (DS-1) are substantially similar, there are significant structural differences between the two phenotypic variants. The biochemical characteristics of both variants, including ease of expression and purification, high solubility, and chemical stability make them promising components for a potential second-generation recombinant rotavirus vaccine. In this regard, heterotypic neutralization by MAbs recognizing VP8* of human strains is a particularly promising finding. Differences between the RRV and DS-1 VP8* cores in the region that corresponds to the RRV SA binding site make it unlikely that DS-1 VP8* binds an alternative carbohydrate ligand in this location. A widened cleft between the EF ␤-hairpin and the six-stranded ␤-sheet in the DS-1 VP8* core and the binding of a peptide chain in this cleft suggest that VP8* may bind a protein ligand. The very different neutralization surfaces of SA-dependent and SA-independent viruses suggest different mechanisms of neutralization and, possibly, differences in spike morphology. Further structural studies of SA-independent rotavirus strains could reveal differences in the VP4 spike that are directly relevant to the pathogenesis of rotavirus gastroenteritis in children.
